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Our position

4 We argue that quantum program generation and other similar scientific domains with hard physicaI\
and mathematical constraints expose a fundamental syntax-semantics gap, where applying
probabilistic scaling of large models can be counterproductive. The exponential sparsity of
functionally correct outputs makes post-selection intractable, so reliability must come from a

\_ constructively verified system. Y,

Syntax Prompt
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Semantics |
Quantum—related ----------------- Q{ Correct output designs } —————— >
constraints e.g. Trace
reversibility,_ancilla Valid and functionally correct High correct rate outputs collection
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Why quantum program generation is not "just another code task"
Comparison between classical and quantum

Syntax-semantics gap. The distance between syntax i.e. a program being well-
formed and semantics i.e. it computing what was intended.

Classical programming: Classical Programming Quantum Programming
» Gap exists, but is narrow in Line 1: x = y; Line 1 => CNOT (v, x) v
practice Line 2: temp = x; Line 2 => CNOT (x, temp)
° Chea Semantic CheCkS' Later program does not Uncompute Line 1 => CNOT (y, x) x
'?[_ test dd b use temp variable Ignore uncomputing Line 2 temp b
executon, tests, an ebug
« Errors are localized 4
Ignore Line 2 Ignore Line 2
4 ™\ Do not affect semantics Qubit y entangled with temp
In quantum programs, ]
syntactic fluency no longer
tracks physical constraints Syntax: valid Syntax: valid
of the computing device. Semantics: valid Semantics: invalid
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Why “generate-then-filter” hits a wall
The exponential cost of post-hoc verification

Generate-then-filter. A pipeline where a model proposes K candidate programs from its learned
distribution, and a downstream verifier discards those that violate the target constraints.

Probabilities of passing the filters for NISQ/FTQC regimes:

Candidates | _ Pstruct = PT(X € Mistruct) | Pfuncistruct = P1(X € Mpunc|x € Mtryct)

Noisy Intermediate Scale 0(1) O (e~ YNIsQM)
v Quantum (NISQ) devices

Structural validity Fault Tolerant Quantum O(e —,Bn) O(e —YFTQCTl)
0 Computing (FTQC) devices
X € Mitryct *

Cost of verification: X € Mignel* € Mgruce?

LITLIE O VELITL Cstruct = 0(nd) Cfunclstruct =0(2")
X € Mfunc ?

- J

! Expected cost* of finding a functionally correct candidate
[ Post-selection ] E[C] = Cstruct 4 Cunc ¢ 0(e‘™), an exponential scaling.

Pstruct'Pfunc|struct  Pfunc|struct
*Assuming poly-time samplers without target-specific memorization. See Appendix B and C for details.
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From filters to invariants
Formulation of the verifier-centric agent architecture

Constructive verification. An design paradigm where the verifier implements
constraints inside a generation loop.

Training e.g. SFT Data set Markov Decision Process (MDP)
State s; attime ¢t
St * x;:. current program design
Agent State sy = (X¢, Pt, Mt Ke) ¢ ¢, parameters
* 7. Metrics
* K;. auxiliary bookkeeping

m(aglse) Action a Action a; attime t
t
: « EDIT[p, a]: apply property-preserving
Edit[p, a] rewrite p with arguments a
Verifier for « EVAL: evaluates metrics

Mstruct and Miync Eval
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A rollout of the verifier-centric agent
Using the ripple-carry adder as an example

(a) Level 1: module based circuit design
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(b) Level 2: decomposition of individual modules >
—MAJ — =
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(c) Level 3: property preserving rewrites EDIT [ p,d ]

(d) Optimized circuit
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Potential improvements
based on precise
mathematical insights
about quantum circuits:
parallelized execution,
gate position swap

Applying the
improvements leads to
an optimized circuit with
significantly lower depth

Program
design x'
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Thank you for listening!
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